Eichacker PQ, Cui X. Bacillus anthracis edema but not lethal toxin challenge in rats is associated with depressed myocardial function in hearts isolated and tested in a Langendorff system. Am J Physiol Heart Circ Physiol 308: H1592-H1602, 2015. First published April 11, 2015; doi:10.1152/ajpheart.00851.2014.-Although direct myocardial depression has been implicated in the lethal effects of Bacillus anthracis lethal toxin (LT), in hearts isolated from healthy rats and perfused under constant pressure, neither LT or edema toxin (ET) in typically lethal concentrations depressed myocardial function. In the present study, we challenged rats with LT and ET and performed in vivo and ex vivo heart measures. Sprague-Dawley rats infused over 24 h with LT (n ϭ 94), ET (n ϭ 99), or diluent (controls; n ϭ 50) were studied at 8, 24, or 48 h. Compared with control rats (all survived), survival rates with LT (56.1%) and ET (37.3%) were reduced (P Ͻ 0.0001) similarly (P ϭ 0.66 for LT vs. ET). LT decreased mean arterial blood pressure from 12 to 20 h (P Յ 0.05), whereas ET decreased it progressively throughout (P Ͻ 0.05). On echocardiography, LT decreased left ventricular (LV) ejection fraction at 8 and 48 h but increased it at 24 h and decreased cardiac output (P Յ 0.05 for the time interaction or averaged over time). ET decreased systolic and diastolic volumes and increased LV ejection fraction at 24 h (P Յ 0.05). In isolated hearts perfused for 120 min under constant pressure, LT did not significantly alter LV systolic or developed pressures at any time point, whereas ET decreased both of these at 24 h (P Ͻ 0.0001 initially). ET but not LT progressively increased plasma creatine phosphokinase and cardiac troponin levels (P Ͻ 0.05). In conclusion, despite echocardiographic changes, in vivo lethal LT challenge did not produce evidence of myocardial depression in isolated rat hearts. While lethal ET challenge did depress isolated heart function, this may have resulted from prior hypotension and ischemia.
differ. Lethal factor inhibits MAPKKs and stimulates inflammasome formation (6, 26) . Edema factor increases intracellular cAMP levels (14, 15) .
Evidence from in vivo models has raised the possibility that LT but not ET produces hypotension in part by depressing myocardial function (22) . In canines, lethality and hypotension with a 24-h LT challenge was associated with gradual tachycardia and reductions in left ventricular (LV) ejection fraction (EF) on echocardiography, changes consistent with the effects of LT in some small animal models (21, 25, 28, 29) . Different from LT, lethality and hypotension with 24-h lethal ET challenge in this canine model was associated with early and striking increases in heart rate (HR) and cardiac index but no significant changes in LVEF, alterations also noted by other groups (28, 29) . These findings and others have suggested that although LT and ET both alter myocardial function, LT but not ET depresses it (22) . However, since both toxins also decreased central venous pressure and systemic vascular resistance in the canine model, it was unclear whether their myocardial effects measured in vivo were direct ones or instead related to changes in preload or afterload.
We have previously used a constant pressure Langendorff isolated perfused rat heart model to examine the effects of LT and ET on heart function independent of the toxins' potential preload and afterload effects (11) . In hearts isolated from healthy Sprague-Dawley rats, typically lethal LT concentrations had little effect on heart function. In contrast, lethal ET concentrations produced increases in HR and actually augmented myocardial function and coronary blood flow, changes consistent with increased intracellular cAMP (11) . To further investigate the myocardial effects of LT and ET, 8, 24 , or 48 h after the initiation of 24-h toxin or PA only (control) infusions in Sprague-Dawley rats, hearts were isolated and myocardial function was investigated in the constant pressure perfusion system. Immediately before heart isolation, animals had blood pressure and HR measures followed by in vivo echocardiography and blood sampling for cardiac markers. In other experiments, animals were euthanized at these same time points for cardiac electron microscopy.
MATERIALS AND METHODS
Animal care. The protocol (ASP CCM09-03) used in the present study was approved by the Animal Care and Use Committee of the Clinical Center of the National Institutes of Health.
Study design. Twenty-six weekly experiments were performed. Each week, Sprague-Dawley rats (200 -230 g) with carotid arterial and jugular venous catheters were randomized to receive challenge with doses of B. anthracis ET (400 g/kg edema factor ϩ 800 g/kg PA) or LT (50 g/kg lethal factor ϩ 100 g/kg PA), which have been previously shown to produce ϳ50% lethality rates (4), or with PA alone (control) as continuous 24-h infusions. A total of 243 animals were studied. Each experiment included at least one animal from each group. In one set of experiments (study 1), animals randomly selected at 8, 24, or 48 h had blood pressure and HR measured while awake via their indwelling carotid arterial catheters, after which they were lightly anesthetized with isoflurane (1-3%) and had echocardiography performed. After echocardiography, animals were more deeply anesthetized (3-5% isoflurane), and their hearts were excised and perfused in a constant pressure perfusion system. Immediately before heart excision, arterial blood was drawn for creatine phosphokinase (CPK), cardiac troponin I (cTnI), alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea nitrogen (BUN), creatinine, Na ϩ , K ϩ , arterial blood gas, and lactate measures at 8, 24, and 48 h. A subgroup of animals (n ϭ 28) in study 1 had blood pressure and HR measured for 24 h, immediately after which their hearts were excised and perfused, and the perfusion effluent was collected for CPK, cTnI, and cAMP measures. The number of animals randomized and then studied in each experiment for study 1 at the three time points is shown in Table 1 . In a second set of experiments (study 2), animals were randomly selected at 8, 24, or 48 h, anesthetized, and euthanized for cardiac electron microscopy experiments (Table 1) . Before death, animals had blood pressure and HR measured and blood sampled as in study 1. Echocardiography. Animals were lightly anesthetized with isoflurane (1-3%). M-mode echocardiography was performed using a Vevo 770 (Visualsonics, Toronto, ON, Canada) with a frame rate of 300 -500 frames/s and a 12-MHz linear transducer as previously described (23) . Data representing the average of nine cardiac cycles from at least two separate scans were analyzed. HR was averaged over the number of beats measured. After tracing end-diastolic and end-systolic dimensions, manufacturer software computed end-diastolic and end-systolic volumes (in l), stroke volume (in l), cardiac output (in ml/min), and EF (in %). Results were interpreted without knowledge of the study group.
Langendorff model. Rats were anesthetized with 3-5% isoflurane and anticoagulated with heparin (500 IU/kg) through the inferior vena cava as previously described (11) . Hearts were rapidly excised and arrested in cold (4°C) Krebs-Henseleit buffer (10, 11, 24, 27) . A cannula was inserted in the aorta, and the heart was perfused retrograde at constant pressure (95 cmH 2O) with Krebs-Henseleit buffer gassed with 95% O2 and 5% CO2 at 37°C and filtered through a 5-m filter. A water-filled latex balloon connected to a water column and pressure transducer was introduced into the LV. LV end-diastolic pressure (LVEDP) was adjusted to between 4 and 8 mmHg. Hearts were allowed to equilibrate for 10 min, and serial readings of LV systolic pressure (LVSP; in mmHg), LVEDP (in mmHg), and HR (in beats/min) were then measured continuously over a 120-min period (ML880P PowerLab 16/30 with LabChart Pro, AD Instruments, Colorado Springs, CO). After equilibration and at 30-min intervals thereafter, measures obtained over the 5-min period immediately preceding each designated time point (i.e., 0, 30, 60, 90, and 120 min) were averaged for analysis. Coronary flow (CF; in ml/min) was calculated based on coronary effluent measures every 30 min. Hearts were perfused with fresh Krebs-Henseleit buffer throughout. Two to four hearts, including both control and toxin subjects, were studied daily. Calculated data included LV developed pressure (LVDP, in mmHg; LVDP ϭ LVSP Ϫ LVEDP), the rate-pressure product (RPP, in mmHg·beats·min Ϫ1 ; RPP ϭ LVDP ϫ HR), the maximal rate of change in LV pressure during contraction (dP/dtmax; in mmHg/s), and the minimal rate of change in LV pressure during relaxation (dP/dtmin; in mmHg/s). In a subgroup of animals at 24 h (see above), perfusion effluent was collected at 0, 30, 60, and 90 min for cAMP, CPK, and cTnI measures.
Electron microscopy. A section (2 ϫ 2 mm) of the LV anterior wall was double fixed in PBS-buffered glutaraldehyde (2.5%) and osmium tetroxide (0.5%), dehydrated, and embedded into Spurr's epoxy resin. Ultrathin sections (90 nm) were made, double stained with uranyl acetate and lead citrate, and viewed with a JEOL JEM 1010 transmission electron microscope. Myocardial injury was assessed on the ultrastructural level with a numeric scale (where 0 ϭ no injury and 5 ϭ most severe injury) by a pathologist blinded to the study groups. The ultrastructural assessment included changes in the cardiac muscle's endothelial cell membranes and nuclei, evidence of myocyte mitochondrial degeneration and swelling in the outer and inner membranes, as well as damage to myocyte sarcomeres and nuclei.
Hemodynamic and other laboratory measures. Indwelling arterial and central venous catheters from each animal were connected via protected extension tubing to pressure transducers for mean blood pressure (MBP) and HR measures or to syringe pumps for toxin delivery, respectively (5, 16 Toxin and treatments. All toxin components (PA, lethal factor, and edema factor) were recombinant proteins prepared from Escherichia coli and provided by Human Genome Sciences (formerly of Rockville, MD) (3, 9, 12) . ET and LT were comprised of edema factor or lethal factor, respectively, with PA in ratios of 1:2 on the basis of weight (4) . The control solution contained diluent and PA alone. . Animals euthanized for experiments were considered to be survivors up until the time of death, at which time they were censored from further analysis. Both ET and LT resulted in progressive reductions in survival in patterns that were significantly different from control animals (P Ͻ 0.0001) but did not differ when the two toxins were compared (P ϭ 0.66).
Statistical analysis.
A Wilcoxon rank test compared survival between control and either LT-or ET-challenged animals and between LT-and ET-challenged animals, accounting for survival time, death of animals at 8, 24, or 48 h, and death within the 48-h experimental period. Electron microscopy scores for myocardial cell mitochondrial and endothelial injury were not normally distributed and were ranked using PROC RANK for analysis. cTnI was log transformed due to its abnormal distribution. Two-way ANOVA and two-way repeated- Table 2. measures ANOVA, where applicable, accounting for toxin (LT, ET, or control) and time of measurement as well as one-way ANOVA comparing different time points in controls and toxin versus controls at each time point were performed on all continuous or ranked data using PROC MIXED in SAS (version 9.2) software (SAS Institute, Cary, NC). Two-sided P values of 0.05 or less were considered significant. Multiple comparisons were not controlled for. For echocardiography, electron microscopy, and blood chemistry and blood gas measures, values for control animals are shown in Table 2 , whereas figures show the effect of each toxin compared with controls, calculated by subtracting mean control values from mean toxin values. For blood pressure, HR, and perfused heart experiments, figures compare values for control and LT-and ET-challenged animals.
RESULTS
Survival. All animals challenged with PA alone (controls; n ϭ 50) survived to the time of death (8, 24 , or 48 h; Fig. 1 ). Compared with control animals, in animals challenged with LT (n ϭ 94) or ET (n ϭ 99) and after accounting for those euthanized for experiments, survival rates were significantly reduced (56.1% and 37.3%, respectively, P Ͻ 0.0001 for each) but not different when toxins were compared (P ϭ 0.66).
Mean arterial blood pressure and HR measures. In control animals, compared with baseline MBP decreased over time (P Ͻ 0.0001 for the time interaction) but stayed between 100 and 120 mmHg. Compared with control animals, LT decreased MBP from 12 to 20 h (P Յ 0.05) and HR from 14 to 22 h and at 44 h (P Յ 0.05; Fig. 2 ). ET reduced MBP significantly at each time point (P Յ 0.05) and in a pattern that increased over time (P Ͻ 0.0001 for the time interaction) and increased HR significantly from 2 to 18 h but decreased it at 30 and 32 h (P Յ 0.05).
Echocardiography measures. On echocardiography in control animals, compared with 8 h, at 48 h, HR was lower (0.008) and end-diastolic volume was increased in a trend approaching significance (P ϭ 0.08; Table 2 ). Compared with control animals, LT challenge decreased LVEF at 8 and 48 h but increased it at 24 h in patterns that differed over time (P ϭ 0.049 for the time interaction; Fig. 3 ). LT also decreased cardiac output across the three time points in an overall pattern that was significant (P ϭ 0.04 averaged over time). At 24 h, ET decreased both end-systolic and end-diastolic volumes but increased LVEF (P Յ 0.05). However, stroke volume, possibly more informative than LVEF in the setting of reduced enddiastolic volume, was decreased at 24 h with ET, but not significantly. ET also increased HR at 48 h (P ϭ 0.048).
Blood cardiac markers. Plasma CPK and cTnI measures did not change significantly over time in control animals ( Table 2) . Compared with control animals, LT challenge did not significantly alter blood CPK or cTnI levels at any of the three time points measured (8, 24 , or 48 h; Fig. 4 ). ET challenge increased both measures significantly compared with control at 24 and 48 h (P Յ 0.05).
Isolated perfused cardiac measures. Compared with control animals and despite its lethal and hypotensive effects, prior in vivo LT challenge did not significantly alter at any of the three time points (8, 24 , or 48 h) LVEDP, LVSP, LVDP, RPP, HR, or dP/dt min (Figs. 5 and 6) . At 24 h, LT produced a small decrease in dP/dt max (P ϭ 0.054) at a single time point (60 min) and decreased CF from 30 to 120 min (P Յ 0.05). However, even when the effects of LT on LVSP, LVDP, RPP, dP/dt max , and dP/dt min were analyzed across all perfusion time points (0, 30, 60, 90, and 120 min) at 24h, its effects did not differ over time (P ϭ 0.19 -0.49), and, when averaged, none of its overall effects were significantly different from control animals (P ϭ 0.33-0.46). In perfusion effluent at 24 h, LT did not significantly alter CPK levels but did increase cTnI at 30 Table 2 .
min (P ϭ 0.02; Table 3 ). In contrast to LT, prior in vivo ET challenge had marked effects in isolated hearts. Compared with control animals, at 8 h, ET increased HR at 30 and 60 min of perfusion (P Յ 0.05). Most notably, however, at 24 h, ET caused highly significant reductions in LVSP, LVDP, dP/dt max , and RPP and increases in dP/dt min evident immediately after equilibration at 24 h (P Ͻ 0.0001 for all except RPP, which was P ϭ 0.0002). Decreases in LVSP and LVDP persisted and continued to be significant (P Յ 0.05) for up to 90 and 60 min, respectively. ET also then increased RPP at 120 min (P Ͻ 0.05) at 24 h and increased it from 30 to 120 min at 48 h (P Յ 0.001), possibly related to increases in HR with ET that were evident throughout perfusion at both 24 and 48 h (P Յ 0.001). At 24 and 48 h, ET also increased CF throughout the perfusion period (P Յ 0.001). Finally, at 48 h, ET increased dP/dt max and decreased dP/dt min from 60 to 120 min (P Յ 0.05). ET was not associated with significant changes in CPK or cTnI in perfusion effluent. Also, while ET at 24 h was associated with increases in cAMP levels in perfusion effluent at 0, 30, and 120 min, these changes were not significant (Table 3) . Cardiac electron microscopy. Electron microscopy revealed minimal myocardial injury from either LT or ET challenge. Compared with control hearts (Table 2) , hearts from LTchallenged animals demonstrated myocyte sarcomere injury at 48 h (P ϭ 0.05; Fig. 7 ). Hearts from ET-challenged animals demonstrated myocyte mitochondrial inner membrane and myocyte sarcomere injury at 24 h and sarcomere injury when averaged over the three time points (P Յ 0.05).
Other blood measures. Compared with control animals (Table 2), LT had no significant effects on chemistry and arterial blood gas measures (Fig. 8) . In contrast, ET increased ALT and AST at 24 and 48 h and BUN at 8, 24, and 48 h and first decreased creatinine at 8 h and then increased it at 24 and 48 h (P Յ 0.05 for each). ET also decreased pH at 24 h, increased lactate at 24 and 48 h, and decreased arterial base excess and Na ϩ at all time points, K ϩ at 8 h, and the alveolar-arterial gradient at 24 h (P Յ 0.05 for each; alveolar-arterial gradient not shown). Changes with ET in ALT, BUN, creatinine, pH, arterial base excess, lactate, Na ϩ , and K ϩ were greater at later time points (P Յ 0.05 for the time interactions).
DISCUSSION
In the present study in rats, a 24 h, B. anthracis LT challenge in doses causing significant reductions in survival and blood pressure did not produce evidence of myocardial depression in isolated perfused hearts at 8, 24, or 48 h, as reflected by measures of LVSP, LVDP, or RPP. None of these measures in LT-challenged hearts differed from control hearts over 120 min of observation at any of the three time points. Consistent with this, blood CPK and cTnI levels were also not altered in LT-challenged animals. Although a decrease in dP/dt max was noted at 24 h, this change was small and only evident at a single time point (60 min). In fact, when data were analyzed over all perfusion time points at 24 h, the effects of LT on dP/dt max , LVSP, LVDP, RPP, and dP/dt min were not significantly different compared with control animals (P ϭ 0.33-0.46). These findings differ from other studies in mouse, rat, rabbit, and canine models in which LT challenge was noted on echocardiography to depress in vivo myocardial function, as reflected by changes in LV volumes, velocity of propagation, circumferential fiber shortening, or LVEF (13, 21, 25, 28) . In these models, LT was also associated with increased cardiac enzymes in blood and myocardial injury on electron microscopy (13, 21) . In studies that inhibited LT, PA-directed monoclonal antibody treatment in LT-challenged canines or selective deletion of anthrax toxin receptor-2 from cardiomyocytes in LT-challenged mice both increased LVEF as measured with echocardiography (1, 19) . Possibly consistent with these other studies, in the present study, on echocardiography LT decreased LVEF at 8 and 48 h but not 24 h and reduced cardiac output when averaged over all time points. LT was also associated with modest changes on electron microscopy at 48 h but not in circulating CPK or cTnI levels.
Differing effects of LT on myocardial function in the present study versus studies like those noted above (13, 21, 24, 27) may reflect the techniques used to measure that function. Growing data suggest that LT decreases endothelial barrier and vascular smooth muscle function (8, 19) . These changes could alter preload or afterload and secondarily affect myocardial performance measured in vivo with techniques like echocardiography (13, 21, 24, 27) . Of note, in the prior canine study we conducted (24) , although pulmonary artery occlusion pressure was not altered by LT, CVP was reduced and volume loading increased LVEF in some animals. Both of these latter findings suggest that reductions in preload related to LT may have influenced LVEF. Assessment of the effects of LT on myocardial function using measures less likely influenced by preload and afterload have been limited. On the one hand, a previously published abstract (2) reported that pressure-volume measures in four canines demonstrated reductions in stroke volume, end-systolic pressure, and LVEF and increased LVEDP in patterns consistent with heart failure. However, we have previously shown that perfusion with LT in concentrations typically producing high lethality rates in vivo did not alter the function of hearts isolated from healthy rats and tested for up to 240 min under constant pressure in a Langendorff system (11) . In that study, LT only altered myocardial function when its concentration was increased to 10 times those producing lethality in vivo. Lack of an effect of LT (unless administered at very high concentrations) may have been because myocardial changes with ex vivo toxin administration required more time to develop than the model permitted. However, the present findings demonstrate that even when rat hearts are exposed in vivo to lethal LT doses over a 24-h period, once isolated, they do not demonstrate evidence of myocardial depression in a constant pressure perfusion system. Consistent with these findings in isolated hearts, LT was also not associated with increases in CPK or cTnI in blood, and its effects on cardiac electron microscopic findings were minimal. The basis for the reduction in CF with LT at 24 h is unclear. Since CF in this model is dependent on the perfusion pressure the system is exposed to, which was constant throughout, and the resistance of the coronary arteries, an effect of LT on the latter must be considered. Importantly, however, these reductions in CF were not associated with significant alterations in the pressure hearts were capable of generating. It is possible that ex vivo measurement of heart function at later time points (e.g., 72 or 96 h) after the start of LT infusion might have demonstrated myocardial depression. However, Table 2 .
lethality with LT appeared complete by 48 h in this model, and the relevance of later myocardial changes for lethality would be unclear. It is also possible that the myocardial effects of LT differ in the rat compared with other species. Notably, time to lethality with LT and the mechanisms underlying this lethality appear to differ in some rat and mouse models (18) . However, we have found that the effects of either LT or ET on systemic hemodynamics have been comparable in species as different as the rat and canine (4, 25) . Finally, LT challenge in doses more lethal or which had greater hypotensive effects than the doses used here may have resulted in myocardial depression in isolated hearts. Yet, LT in the present study produced highly significant lethality (P Ͻ 0.0001) approaching 40% and blood pressure reductions close to when hearts were isolated and measured. The reason why cTnI was increased in perfusion effluents at 24 h with LT challenge while these measures were unchanged in blood immediately before hearts were isolated is unclear. However, these cTnI levels are inconsistent with the absence of alterations in developed pressures or on electron microscopy in hearts exposed to LT.
Different from LT in the present study, hearts from rats exposed in vivo to a lethal ET challenge demonstrated both depressed and stimulated function. Most notably, hearts isolated 24 h after the start of ET, and when systemic blood pressure had reached its lowest point, had marked reductions in LVDP, LVSP, RPP, and dP/dt max . There are several potential explanations for these changes. First, it is possible that ET directly depressed myocardial function. On the one hand, this appears unlikely, though, since acute increases in myocardial cAMP levels with ET would be expected to increase contractility (2, 11). As noted above, exposure of hearts isolated from healthy animals to ET in concentrations comparable with concentrations producing lethality in vivo increased LVDP and dP/dt max as well as myocardial tissue and effluent cAMP levels. It is possible, though, that longer exposure to ET in vivo in the present study elicited mechanisms capable of producing myocardial depression. We have previously demonstrated that ET-induced arterial relaxation in an aortic ring model is partially endothelium dependent (15) . These findings implicate endothelium-derived relaxant factors such as nitric oxide (NO) in the cardiovascular effects of ET. Studies have shown that cAMP can induce NO production (17, 30) , whereas others have found an association between NO and cardiac dysfunction (7, 20) . A second possibility, however, is that hypotension and ischemia resulting from the systemic vasodilatory effects of ET produced myocardial depression secondarily. Consistent with this, ET increased lactate and worsened liver and renal function (manifested by increased AST, ALT, BUN, and creatinine). In this regard, increases in CPK and cTnI in blood and changes on cardiac electron microscopy noted with ET may reflect myocardial ischemia as opposed to direct myocardial injury. Arguing against this possibility, though, is that while reductions in blood pressure with ET persisted until 48 h, evidence of myocardial depression had resolved by this later time point.
The depression in LV function in isolated hearts after ET challenge at 24 h contrasts with the increase in LVEF noted on echocardiography at this time point. However, reductions in afterload caused by hypotension with ET as well as relative differences in end-systolic and end-diastolic volumes may have increased LVEF on echocardiography.
While ET reduced LVDP, LVSP, and dP/dt max at 24 h, it increased HR in isolated hearts at all three time points, dP/ dt max and RPP at 48 h, and CF at 24 and 48 h. These changes are very consistent with increased myocardial cAMP levels, and they are similar to changes we observed when healthy hearts were exposed to ET in the Langendorff system (11) . Notably, though, whereas ET increased HR during perfusion in isolated hearts at all three time points, HR increases were only clearly evident in vivo on arterial tracings at 8 h and on echocardiography at 8 and 48 h. Thus, ongoing hypoperfusion or acidosis may have inhibited the chronotropic effects of increased cAMP in vivo. Also, although CF was increased when measured under constant pressure ex vivo, this increase may have been insufficient to maintain myocardial perfusion in the face of systemic hypotension with ET in vivo. Of note, increased HR and CF were still evident at 48 h in isolated hearts (i.e., 24 h after the cessation of ET challenge) and may have reflected the residual effects of toxin or were compensatory ones related to the prolonged systemic hypotension caused by ET.
In conclusion, the findings from the present study in a Langendorff constant pressure perfused rat heart model do not support a direct myocardial depressant effect of B. anthracis LT. Although ET challenge did depress myocardial function at 24 h, whether this was a direct effect of the toxin or was related to systemic hypotension and secondary ischemia is not clear. Further defining the mechanisms underlying the cardiovascular and lethal effects of these toxins will help improve the management of B. anthracis infection in the future.
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